Modern extragalactic molecular gas surveys now reach the scales of star-forming giant molecular clouds (GMCs,. Systematic variations in GMC properties with galaxy environment imply that clouds are not universally self-gravitating objects, decoupled from their surroundings. Here we reexamine the coupling of clouds to their environment and develop a model for 3D gas motions generated by forces arising with the galaxy gravitational potential defined by the background disk of stars and dark matter. We show that these motions can resemble or even exceed the motions needed to support gas against its own self-gravity throughout typical galaxy disks. The importance of the galactic potential in spiral arms and galaxy centers suggests that the response to self-gravity does not always dominate the motions of gas at GMC scales, with implications for observed gas kinematics, virial equilibrium and cloud morphology. We describe how a uniform treatment of gas motions in the plane and in the vertical direction synthesizes the two main mechanisms proposed to regulate star formation: vertical pressure equilibrium and shear/Coriolis forces as parameterized by Toomre Q≈1. As the modeled motions are coherent and continually driven by the external potential, they represent support for the gas that is distinct from that conventionally attributed to turbulence, which decays rapidly and requires thus maintenance, e.g. via feedback from star formation. Thus our model suggests the galaxy itself can impose an important limit to star formation, as we explore in a second paper in this series.
INTRODUCTION
The origin of observed motions in the dense starforming phase of the ISM is a topic undergoing renewed debate, with implications for the nature of turbulence, the regulation of star formation, and the rate at which galaxies convert their cold gas in to stars. In this paper, we explore the possibility that turbulent motions originate as coherent, orbital motions driven by the gravity associated with the host galaxy. This should produce a clear, observable dependence of molecular cloud properties on galactic environment, and will introduce an observable dependence of star formation rate per unit gas on galactic kinematics (S. Meidt et al. in preparation) .
Conventionally, the super-thermal line widths exhibited by emission-line tracers of the cold ISM are interpreted as the signature of turbulent motions. These have been observed to have magnitude that approximates the self-gravity of the gas. This ability of turbulence to support star-forming gas clouds is thought to help explain the inefficiency of star formation in the cold ISM. Without support from turbulent motions, gas would form stars much more rapidly than observed (Zuckerman & Evans 1974) .
Observed gas motions near the scales at which gas becomes self-gravitating are thought to reflect the processes by which turbulence originates and decays. The relation between the line-widths and the sizes of molecular clouds has been argued to be a manifestation of the characteristic cascade of energies associated with supersonic turbulence (Larson 1981; Elmegreen & Scalo 2004; McKee & Ostriker 2007; Kritsuk et al. 2013 ). Simulations that drive turbulence through SNe explosions (Padoan et al. 2016) or via gas accretion on to the galactic disk (Gnedin et al. 2014) are both able to reproduce the observed relation between cloud motions and size.
In other simulations, the linewidth-size relation emerges entirely as a consequence of gas selfgravity (Ibanez-Mejia et al. 2016; Camacho et al. 2016 ). This supports an earlier proposal that the motions within a cloud arise as a byproduct of gravitational collapse (Vazquez-Semadeni et al. 2008; Ballesteros-Paredes et al. 2011) . In this scenario, observed internal turbulent motions resemble a state of energy equipartition rather than a supported cloud in equilibrium.
Clouds are observed to an additional dependence of between velocity dispersion and cloud surface density (Heyer et al. 2009 ) at a given size scale (formally Σ ∝ σ 2 /R). This dependence has been seen in extragalactic molecular gas surveys that collectively achieve a high dynamic range in cloud-scale surface density (Hughes et al. 2013a ; Leroy et al. 2015; Leroy et al. 2016; J. Sun et al. in preparation) . This relationship has been interpreted to indicate proximity to virialization or energy equipartition, with kinetic energy about equal to potential energy. Cloud-scale motions originating with gravity tend to be consistent with such observations because collapse motions would naturally match the gas self-gravity.
Despite this overall scaling, observed clouds do commonly exhibit 'super-virial' motions, showing systematic departures from the above relation. These occur in the MW center (Oka et al. 2001; Kruijssen et al. 2014) , in some starburst galaxies (e.g., Johnson et al. 2015 . They appear common in the outer disk of the Milky Way (e.g., Heyer et al. 2009 ) and the atomic-rich, low surface density disks of the Local Group spirals M31 and M33 (Leroy et al. 2016, J. Sun et al. in preparation) .
So far, the most popular explanation for these supervirial motions is a confining external pressure. Such pressure, acting on a cloud boundary, will raise the line width of a cloud with a particular size and surface density (Elmegreen 1993; Field et al. 2011 and see Hughes et al. 2013a) . Preliminary comparisons between internal cloud pressure and the hydrostatic mid-plane pressure suggest that external pressure may be sufficient to play such a role in normal disk galaxies, particularly those dominated by atomic gas (Hughes et al. 2013a A. Schruba et al. in preparation) .
So far, most studies have considered ISM pressure of indeterminate origin, focusing mainly on the existence of deviations from the pure self-gravitating case. The physical origin of the environmental contribution to cloud line widths and dynamical state will have important implications. If some environments preferentially support clouds against collapse, we can expect molecular cloud populations and the star-forming properties of the gas to vary in response. We are entering the era of large surveys of giant molecular cloud (GMC) populations spanning diverse environments, and such variations should be observable in current and upcoming surveys.
Here, we hypothesize that some turbulent motions originate as coherent, orbital motions driven by the gravity associated with the host galaxy. Depending on the local galactic potential, these motions may dominate those induced by self-gravity, leading to the observed deviations from self-gravity described above.
The driving of turbulence in relation to large scale kinematics that prompt instabilities in the gas has been widely recognized.
Previous studies have highlighted the importance of galactic rotation (Fleck 1981) , magneto-rotational instabilities (Sellwood & Balbus 1999; Kim et al. 2003 ) and swing-amplified shear instabilities (Gammie 2001; Huber & Pfenniger 2001; Wada, Meurer & Norman 2002) . Spiral arms can are thought to provide an important avenue for generating turbulence (Elmegreen et al. 2003) , for example via the Raleigh-Taylor instabilities that also lead to spur formation or the passage of clumpy gas through the spiral shock Dobbs & Bonnell 2007) . In some galaxies, strong non-circular motions have been observed, which should lead to converging flows and strong shear. These conditions have also been suggested to create turbulence via non-linear thin-layer phase instability in converging flows (Vazquez-Semadeni et al. 2006; Vishniac 1994; Heitsch et al. 2005; Heitsch et al. 2006) .
Here, we consider a gas disk in which fluid elements populate nearly-circular orbits determined by the shape of the gravitational potential of the galaxy. We examine how departures from circular motion create coherent motions on the cloud scale. The strength of these motions depend on the shape of the rotation curve and so reflect a galaxy's large scale potential, and are directly observable. From here we introduce a model for gas motions at the cloud scale that combines the effects of gas self-gravity and motions driven in response to forces exerted by the background host galaxy ( § 2). The stellar and dark matter distributions, in which the gas is embedded, define an external potential that acts on the gas. After reconsidering the forces relevant for internal cloud motions, in particular Coriolis forces that arise due to the motion of clouds about the galaxy center ( § 2.2), we model the resulting motions in § 2.3. Then we compare relative strengths of self-gravity and the background potential in § 3.1.
As a result of the properties (mass, scale length, scale height) of typical galaxy disks, gravitationally-induced motions contribute to systematic variations in the dynamical state of the gas with location in the galaxy (center, disk, outskirts), as we explore in § 3.2. We undertake a preliminary comparison of the model to observations of molecular gas on cloud scales in § 3.3. Then in § 4 we describe several other predictions of the model that can be tested with observations, including implications for virial equilibrium and variations in the CO-to-H 2 conversion factor. We summarize and conclude in § 5.
This work complements recent work that considers turbulent pressure originating with star formation feedback or hierarchical collapse under the influence of selfgravity (i.e. Krumholz & Burkhart 2016 , or with processes occurring beyond the cloud edge (at the outer scale of turbulence; i.e. Krumholz & Kruijssen 2015; Krumholz et al. 2017 ). As we lay out below, our proposal can be tested and compared to these other hypotheses by combining kinematic measurements with studies of resolved GMC populations.
In the second paper of this series, we study the implications of this new model for the process of star formation throughout galaxies. Self-gravity must overcome the motions defined by the background galaxy potential in order to collapse and form stars. Thus our model signifies a path toward inefficient star formation regulated by the galaxy disk itself, as will be discussed in paper II.
THE MODEL
In this section we introduce a model for motions within molecular gas due to the background rotating distribution of stars and dark matter. The gravitational potential defined by the background host galaxy exerts forces that drive epicyclic motions that are still significant on the scale of individual molecular clouds.
These motions can be isotropic or non-isotropic in three dimensions, depending on the scale of the cloud relative to the stellar and dark matter mass distribution. For a given spatial scale, R c , we calculate these motions to be 3σ 2 gal,iso = 3(κR c ) 2 isotropic motions 3σ 2 gal = 2(κR c ) 2 + (νR c ) 2 non-isotropic motions .
(1) Here κ is the frequency of radial oscillations about the (roughly) circular orbit traced by the cloud about the galaxy center and ν is the frequency of vertical oscillations about the galactic mid-plane. Both frequencies, κ and ν, are determined by the distribution of stellar and dark matter mass in the galaxy. The relevant size scale R c for the present study is typically the size of a cloud, so these quantities indicate the motions induced by the galactic potential on cloud scales.
In-plane motions due to the differential rotation in the host galaxy potential appear in both cases (in the isotropic case and in the first term of the second, nonisotropic case). We emphasize that as long as velocity field of the galaxy exhibits coherent behavior down to R c , these motions must exist. Motions perpendicular to the disk of the galaxy, which are also included in both cases, must also exist to balance the potential of the galaxy over the scale of the cloud. Depending on the vertical extent of the cloud, these can be the same as in-plane motions (isotropic case) or deviate from the in-plane motions (non-isotropic case).
The isotropic case should be relevant when R c is small relative to the scales over which the background density changes. The background potential in this scenario approximates the potential of a uniform density field, so that the motions induced by this field look the same in all three dimensions.
As we show in the next section, under typical conditions in nearby galaxies the motions arising with the galaxy potential can be comparable to the motions associated with self-gravity on cloud scales. These motions also have velocities with the same magnitude as observed gas velocity dispersions. Including these motions in a model of the cloud dynamical state yields a different picture than the conventional view of decoupled, self-gravitating clouds.
The observational signatures implied by our calculations are discussed in § 3, where we also demonstrate consistency with several recent surveys of GMCs. In § 4 we comment on additional signatures of the influence of the galactic potential on cloud scales that could be tested in future analysis.
Throughout, self-gravitation refers to the particular state in which the potential of the gas (the gas 'selfgravity') dominates over any other (gravitational or magnetic) potential present. In this work we focus on the host galaxy gravitational potential and thus gas is called 'self-gravitating' when the motions due to 'selfgravity' would exceed the motions due to the galaxy potential. This terminology deviates somewhat from the definition of self-gravitation in more wide use, in which motions due to self-gravity dominate over turbulent motions. Assessing self-gravitation by that measure requires a model for scale-dependent turbulence distinct from other gravitationally-induced motions, and is beyond the scope of this work.
The basic framework
We envision clouds as coherent structures in position and velocity space with smoothly varying density distributions. These are not necessarily gravitationally bound objects with well-defined borders, and the density may vary smoothly across the edge of a cloud into the surrounding medium. For our purpose, the size of a cloud will be set by the scale over which the combined gravitational potentials of the stars, dark matter, and the gas itself act coherently on the gas.
In practice, we expect this size scale to resemble the measured sizes of GMCs. Thus we label parcels of gas as 'clouds' and, when we refer to other observable properties such as mass and surface density, we take these to be measured at a size scale R c . In Paper II (S. Meidt et al. in preparation), we identify a more physical cloud radius, the scale at which gravitational forces balance.
The gas that makes up a cloud is assumed to be isothermal and inviscid. Although turbulence is implicitly assumed to be present, the motions of the gas that we are primarily concerned with are gravitational in origin. We also neglect magnetic forces, although we note that these are likely to be important for organizing and structuring the gas on galactic scales (i.e. Kim & Ostriker 2002; .
The cloud material is further assumed to belong to a rotating gas disk within which motions are established by the current distribution of orbital energies. This distribution is implicitly taken to have evolved from the initial energy distribution inherited at the time of accretion (followed by early cooling to a cold, neutral phase) and all subsequent accretion events (e.g. Elmegreen & Burkert 2010; Krumholz & Burkert 2010) . As the gas settles into a cold disk, gravitational (and viscous) torques continually move energy inward (i.e. Krumholz & Kruijssen 2015; Kim & Elmegreen 2017) , while collisions and shocks in the cold gas result in dissipation, eventually leading to a lowest-energy configuration of circular orbits. Until that time, the distribution of orbital energies establishes a gas disk in which fluid elements populate nearly-circular orbits determined by the shape of the gravitational potential of the galaxy. As described in detail below, these departures from circular motion constitute a field of coherent motions on the cloud scale, given the typical observed characteristics of galaxy disks (shape and rotational velocities).
Inventory of relevant forces and motions
Consider a cloud at galactocentric radius R gal and density ρ rotating about the center of a galaxy with angular speed Ω. In the rotating frame of reference in which the cloud's center of mass is stationary, the Euler equation of motion for a fluid element within the cloud is
Here Φ c is the potential of the cloud material and Φ gal is the galactic potential defined by the distribution of stars and dark matter. The last two terms on the right are the fictitious Centrifugal and Coriolis forces in the rotating frame of reference, respectively. The third term involving the specific enthalpy h represents the pressure gradient in the gas, i.e., dh = dP/ρ. This factor is neglected in the case of a collisionless system (stars) or when the density is everywhere uniform 16 . We ignore additional forces, e.g., due to magnetic fields, as we are focused on the effect of the galaxy's potential in this paper.
The centrifugal force, together with the force exerted by the galaxy, is responsible for the tidal force experienced by clouds,
This tidal force elongates or even destroys selfgravitating objects (i.e., Stark & Blitz 1978; Das & Jog 1995; Renaud et al. 2011; Ballesteros-Paredes et al. 2009b) . This is the most typical form in which the impact of the host galaxy on clouds has been considered. A handful of extragalactic GMC studies have measured the stability of clouds against deformation or destruction by tides (Stark & Blitz 1978; Blitz 1985; Rosolowsky & Blitz 2005; Thilliez et al. 2014 ). These treatments have adopted the limit of instantaneous relaxation, effectively assuming that all parts of the object follow the same circular orbit, ignoring the potentially important role of the Coriolis force. Such an approximation is valid as long as the Coriolis force due to internal motions (or by other forces present in the object that are ignored here, i.e. magnetic fields in clouds ; Mestel 1966; Habe et al. 1991; Mouschovias 1991) .
Ignoring the Coriolis force should be valid in the case of star clusters, which have higher densities than GMCs by more than an order of magnitude. But this is not clear for typical giant molecular clouds. We show below that on GMC scales, the motions that give rise to the Coriolis force can have the same magnitude as the motions associated with the cloud's self-gravity. This effect will be strongest for large clouds in the centers of galaxies and at the locations of strong perturbations to the potential, like spirals arms and bars.
In this treatment, we include the influence of the Coriolis force. We compare the motions that arise due to the potential of the host galaxy to those that should arise due only to the cloud's own weight.
2.3. Epicyclic motion First, we consider the limit of no gas self-gravity and uniform density. As a result of the collisional, dissipational nature of gas, we assume that each parcel of gas follows a nearly circular orbit (e.g., Gammie, Ostriker & Jog 1991) . A cloud represents a collection of such objects, each executing their own, slightly different orbit. In this picture, a cloud is not a ballistic object like a single star, but rather a collection of elements that move independently, like a set of independent neighboring stars. The motions of fluid elements within the cloud can each be described as the circular motion of a guiding center along a perfectly circular orbit plus a small epicyclic excursion about the guiding center.
The departure of an individual fluid element from the circular orbit traced by its guiding center is determined by the shape of the local galactic potential. In the plane of the galaxy, the fluid element traverses the well-known radial epicycle with frequency κ (see below). Perpendicular to the plane, the motion of an element needed to balance the potential of the galaxy can be described as vertical epicycle with frequency ν.
Before proceeding with a detailed description of these epicycles, here we note the sense of the forces at play. In the rotating frame of reference of the cloud, the difference in the galactic potential across the cloud leads to a tidal force that acts along the gradient of the potential. This will usually be the parallel to the direction of the galactic center. Additionally, fluid elements farther from the galactic center move with an angular speed slower than the cloud center. They appear to travel opposite the direction of rotation in the frame of the cloud. Elements closer to the galactic center do the reverse, preceding the cloud center. As a result, the Coriolis force contributes an additional force in the direction perpendicular to the motion of the cloud and parallel to the direction of the galactic center. The overall motion of a fluid element follows that of an ellipse in a sense that is retrograde of the orbital motion about the galaxy center.
The epicyclic motion described below follows the standard description given by Binney & Tremaine (1987) . Because the collisional nature of gas will lead to the loss of energy and angular momentum and act to depopulate all orbits except those that are not intersecting, our treatment assumes an additional conceptual simplification. We assume that clouds are composed of fluid elements that orbit around the galaxy center with the same angular momentum, forming a coherent unit. The motions of individual elements within the cloud are thus deconstructed into a fixed circular orbit traced by the cloud's center of mass (i.e. a single guiding center) and an epicyclic excursion about this circular orbit. As a result, a cloud in this treatment is constructed of fully populated nested epicycles, minimizing orbital intersections.
For the small displacements we are interested in here (see §2.3.3), rms velocities across clouds in this scenario are approximately the same to lowest order as those derived with a more generic treatment. The velocity dispersion in any region can alternatively be envisioned as reflecting the overlap of epicycles around unique, neighboring guiding centers (each associated with its own angular momentum; see Binney & Tremaine 1987) . Later in § 4 we describe several observational signatures of nested epicycles that can be used to test whether clouds are indeed constructed in this manner.
Paths of fluid elements
We work in the non-inertial reference frame of the cloud's center of mass. We orient the frame with x-axis in the direction of the galactic center, the y-axis along the direction of local tangential motion, and the z-axis pointing in the vertical direction aligned with the angular momentum of the disk. The origin of the coordinate system is selected to sit at the cloud's center of mass at position (x c , y c , z c ) with z c = 0 taken for convenience (but see below). We refer to the corresponding inertial frame with coordinates X, Y , and Z with X and Y in the plane of the disk.
We assume that the galaxy's gravitational potential is separable into vertical and planar components,
and consider motions in the plane separately from those in the vertical direction. This treatment should be appropriate for disk galaxies on the scales of giant molecular clouds, and we justify it below.
In the plane
In the inertial frame of reference oriented with the plane of the host galaxy disk, we write the effective potential at galactocentric radius R=(X 2 + Y 2 ) 1/2 and the mid-plane of the disk (Z = z = 0) as
For a cloud tracing a perfectly circular orbit in the inertial reference frame, the effective potential is defined to be zero at the cloud's center of mass (x c , y c , z c ).
At all other positions in the cloud, the motions of fluid elements can be calculated by expanding the local potential around the cloud's center in the non-inertial reference frame,
ignoring higher order terms and those of order xy in the epicyclic approximation. The equations of motion in this reference frame can be written
and
where κ 2 = ∂ 2 Φ ef f ∂x 2 and the variation in the potential in the y-direction is assumed to be negligible compared to the x direction.
In axisymmetric potentials, the epicyclic frequency is commonly written as
in terms of the Oort A and B constants, which measure shear and vorticity.
This set of differential equations (7 and 8) has the familiar solutions
Here X 0 is the size of the epicycle, described more below. Thus in this limit, considering only the galactic potential, the fluid elements follow elliptical paths with axis ratio 2Ω/κ in the non-inertial frame. In the case that all cloud material orbits around the galaxy with the same angular momentum, this leads to coherent, nested epicycles with a uniform shape centered on the cloud center at position (x c , y c , z c ).
In the vertical direction
We describe vertical motions in a similar way to those in the plane. Letting the gas disk now have a vertical extent Z 0 , we envision the gas as populating a set of roughly circular orbits that are not restricted to the mid-plane, due to a slight offset between each individual orbit's axis of rotation and the z-axis aligned with the net disk angular momentum. In the epicyclic approximation, these orbits are described as a circular part limited to z = 0 plus a vertical excursion about this circular orbit.
Expanding the local potential around the cloud center (x c , y c , z c =0), the equation of motion for small vertical displacements is written
where
The solution to this equation of motion
represents periodic paths of fluid elements in the vertical direction. The motions in this epicyclic description are equivalent to those familiar from hydrostatic equilibrium in the limit of no self-gravity. When equilibrium is dominated by the gravity of the background stellar (and dark matter) distribution with density ρ, the gas velocity dispersion is written
This can be approximated as Z 2 0 ν 2 according to Poisson's equation, which relates the distribution of (stellar and dark matter) material to the background potential,
This applies in the limit ν>κ applicable for the thin star-forming disks we are interested in (i.e. larger variation in the potential in the vertical direction than in the plane; see more below) and most accurately when the disk density is approximately constant (also see below).
At the mid-plane of the disk where the molecular gas resides, the stellar contribution to the potential gradient usually dominates that associated with dark matter.
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Assuming that the stellar disk is in equilibrium, with vertical distribution ρ(z) = ρ 0 exp (−z/z 0 ) and scale height z 0 , we can write
Σ stars can be straightforwardly estimated from observations (e.g., Meidt et al. 2012) , so that estimating ν requires only an estimate of the stellar scale height. This can be constrained either by measuring the stellar velocity dispersion (e.g., Martinsson et al. 2013) or by analogy to observations of edge on disks (e.g., Kregel et al. 2002; Bershady et al. 2010; Comeron et al. 2014 ).
Relative frequency of vertical and radial epicycles
The relative values of the vertical and radial epicyclic frequencies are determined by the galaxy potential and its variation on cloud scales.
In the case of a Mestel disk (Mestel 1963) , for example, the rotational velocity V circ = 2πGΣ tot R gal is constant given some total stellar plus dark matter surface density, Σ tot (r). Then we can write
Combining this with eq. (17) 18 , we estimate that
For the inner, molecule-rich parts of disks we assume that stars outmass the dark matter in the disk. We therefore adopt the approximation
Because galaxy disks have larger radial scale lengths than scale heights, from eq. 20 we expect that ν>κ over most of the galaxy R gal >>2z 0 . For a spherical cloud of size R c , the force applied by the background potential in the vertical direction ν 2 R c will exceed the forcing κ 2 R c experienced in the plane. This justifies our choice of separable potential in eq. (4) and our treatment of separate (non-isotropic) motions in three dimensions.
On scales much smaller than the scale height of the background disk, however, forcing may be expected to become more isotropic and ν∼κ. Here the cloud material no longer probes the disk structure and instead the background density distribution behaves more like a uniform density sphere. (The density distribution in any direction is approximately constant to zeroth order, across small distances.) As a result, the gradient in the potential becomes roughly the same in all directions.
In the case of the exponential vertical distribution considered above, the variation in density across a region roughly 1/20 of the stellar scale height z 0 is less than 17 As the stellar density decreases at large galactocentric radius, the dark matter is expected to make an increasingly important contribution to the mid-plane potential.
18 Note that eq. (17) will overestimate ν in the presence of a central bulge or bar structure, where the vertical potential gradient is weaker than in the case of the assumed disk model. But at such a small radius R gal <2z 0 , eq. (19) suggest that epicyclic motions in the plane are even larger than those in the vertical direction.
5%. Given values 0.25<z 0 <0.5 kpc observed in edgeon disk galaxies (Bershady et al. 2010 ; see Appendix B) the variation in the stellar density is negligible on scales below 10-20 pc, which is slightly less than the sizes of typical giant molecular clouds observed in nearby galaxies (i.e. Bolatto et al. 2008; Hughes et al. 2013a ). We therefore expect our model of 3D non-isotropic motions in § 2.3.4 to be relevant on cloud-scales, although our model of 3D isotropic motions may be more applicable in the deeper interiors of clouds.
It is worth noting that, at large enough galactocentric radius where the triaxial dark matter distribution dominates the potential, the gradient in the density and potential across the gas disk becomes so small that motions are likely to be isotropic in 3D on scales beyond the typical cloud size.
The characteristic sizes of epicycles
We can estimate the characteristic amplitudes of the epicyclic motions in the gas by considering typical observed gas velocity dispersions. Assuming that the velocity dispersion arises only from the epicyclic motions, σ 2 ≈<ẋ 2 >, then the size of the epicycle will be:
This represents an upper bound on the true epicyclic radius in the presence of additional sources of motion in the gas. The typical velocity dispersion σ 1kpc gas =7 km s −1 measured in the neutral ISM on large (1 kpc) scales (Heiles & Troland 2003; Tamburro et al. 2009 ) implies epicycles as large as R ep ≈ 100-200 pc, given angular velocities (and epicyclic frequencies) characteristic of starforming disk galaxies. In reality, the velocity dispersion in the HI also likely includes thermal contributions, implying that the dispersion due to the epicyclic motion will be somewhat smaller, lowering R ep .
Here we are interested in cloud-scale motions in a cold molecular medium. Adopting the lower velocity dispersion of 1-2 km/s typical of observed moderate-mass Milky Way clouds (Heyer et al. 2009; Miville-Deschenes et al. 2017) , then implied epicyclic radii will instead be R ep ≈20-50 pc at maximum at galactocentric radii inside one disk scalelength. This may also be representative for epicycles in regions of larger line widths observed on cloud scales in many extragalactic systems (e.g., Hughes et al. 2013b , Leroy et al. 2016 , allowing that only a fraction of the line width may arise with epicyclic motions.
The expected size of epicycles in the molecular gas is much closer to the scales of clouds themselves. This suggests that epicyclic motions are not exclusively a largescale dynamical phenomenon and remain relevant for describing motions on the cloud-scale and below. These calculations reversely imply that the background galaxy potential induces epicyclic motions with velocities comparable in magnitude to observed velocity dispersions when applied on the scale of individual clouds. This is considered in detail in the next section. Later in § 4.1 we discuss how observations can distinguish whether the observed cloud-scale motions are indeed epicyclic in nature.
Net motions associated with the galaxy potential
We assume all cloud material has the same galactocentric orbital angular momentum so that a cloud is described by fully populated nested epicycles. Then the motion of the gas within the cloud along any given dimension will be a density-weighted integral over the full set of phases and across the set of nested epicycles in the cloud. The r.m.s. motions in the x, y, and z direction will be
In eqs. (22)- (24) the time integral runs over a full epicyclic period to reflect instantaneous sampling of all parts of the motion. The integrals over r and z reflect the convolution of the cloud internal density distribution ρ(r, z) with the nested epicyclic motions. Both the integral over the phases and the integral over the density distribution should yield pre-factors < 1 but of order unity. We neglect them moving onward here, but will return to them in future work. Then:
where we have substituted in the derivatives of eqs. (10), (11), and (14) for v x , v y , and v z . Here R c is the cloud radius in the plane and Z c is the height of the cloud, which we allow to differ from R c . We note that in the less restrictive case that clouds are composed of gas populating epicycles from around unique neighboring guiding centers, the rms velocities across the cloud in 3D are approximately the same. In this case, the above integrals yield σ Binney & Tremaine 1987 ) assuming a uniform cloud density and adopting the cloud scale as the typical epicyclic amplitude (see § 2.3.3).
Combining the two-dimensional epicyclic motions in the galactic plane with those in the vertical direction (described in § 2.3.1) we can write
where σ gal is the effective one-dimensional line-of-sight velocity dispersion. For a flat rotation curve, κ = √ 2Ω, so that the first two terms combine to approximately yield 2(κR c ) 2 whereby
Isotropic and non-isotropic cases
As discussed above, we expect ν>κ except in the centers of galaxies (or on small scales below ≈10-20 pc; § 2.3.2). In the case of the Mestel disk, for example, ν exceeds κ at all radii R gal >2z 0 . Thus for spherical clouds with Z c = R c , we expect the last term in eq. (29) to dominate.
The relative strengths of in-plane and vertical motions also depend on the values of Z c and R c . At locations where ν>κ, flattened clouds with R c > Z c will have vertical motions νZ c comparable to the motions in the plane κR c . In the case where Z c /R c =κ/ν the motions become isotropic in all three dimensions. Outside galaxy centers, this occurs for clouds with vertical extents smaller than their in-plane size.
Moving forward, we consider the following two cases:
(30) In the first case, isotropic internal motions require a flattened cloud geometry to balance νZ c = κR c . The second case corresponds to spherical clouds, in which the vertical motions of the cloud will generally have large velocities than those in the plane because ν>κ.
Note that motions in the second case exceed those in the first case. Eliminating ν in favor of κ via eq. (20), the non-isotropic case becomes
which is a higher energy configuration than the isotropic case. Note also that in the first case of flattened clouds the isotropic motions could be written 3σ
2 . However, we prefer to invoke the cloud size in the plane, which tends to be more directly observable than the height Z c in the typically targeted galaxies we wish to compare to (although there may be instances when the vertical extent of the gas is better observationally constrained). This is slightly different from the case in which 3σ 2 gal = 3(νR c ) 2 , which corresponds to the standard description for isotropic gas motions in the limit of no self-gravity (see eq. 16). We omit this case from our discussion below. It constitutes a higher energy case than either of the two cases above, with kinetic energy exceeding Φ gal across the cloud. This makes the case less likely than the other two scenarios without considering an additional source of energy (e.g., feedback from star formation).
A final note concerns the scenario in which ν≈κ that we expect on scales much smaller than the characteristic variation in the background density distribution, i.e. below the vertical disk scale height z 0 . This scenario would be likely on the small scales within the deep interiors of clouds. It might also occur when the entire cloud is overall small relative to z 0 as a result of, e.g., a physical limit to cloud size (such as in galaxy centers M51, Colombo et al. 2014a; MW, Oka et al. 2001) , or a change in the structure of the host galaxy (e.g. in galaxy outskirts, where the triaxial dark matter distribution dominates over the stellar disk). In this limit, the non-isotropic description across a spherical region or cloud approaches the isotropic case, whereas non-spherical clouds or regions will exhibit non-isotropic motions.
The primary two cases given in eq.(30) represent internal cloud motions associated with the galaxy potential that project into the line-of-sight differently. In the isotropic case the line-of-sight projection of the motions σ gal,los is equal to σ gal . In the second case, the projections of the vertical and in-plane motions depends on the inclination angle of the disk. We write the general form of the line-of-sight motions due to the galaxy potential as
(32) where θ is the azimuthal position with respect to the disk kinematic major axis and i is the inclination of the disk with respect to the line-of-sight.
In the case of the spherical cloud with anisotropic motions, we approximate this as
which implies that the magnitude of the recovered velocities along the line-of-sight depends strongly on galaxy inclination, especially since νR c >κR c on the scales of typical clouds.
Departures from axisymmetry in the galaxy potential
So far we have exclusively considered the case of an axisymmetric galaxy potential. But dynamical features such as bars and spiral arms present in the stellar density distribution locally contribute an additional gradient in the gravitational potential, which alters the gas kinematics in the form of the epicyclic motions described in § 2.3. To estimate the local change in the epicyclic frequency in the presence of a perturbation to the galaxy gravitational potential, we describe the perturbation following Binney & Tremaine (1987) . In the case of a bar rotating with angular pattern speed Ω p we write the perturbed potential as Φ 1 (θ, t)=Φ b e im(Ω−Ωp)t where Φ b is independent of radius, as in the case of a weak bar (e.g. Sellwood & Sanchez 2010) . Likewise, we describe spirals as wave solutions to the perturbed equations of motion in the tight-winding limit (WKB approximation) that propagate with wavenumber k and pattern speed Ω p . For a density perturbation Σ 1 = Σ a e ikR−Ωpt the corresponding density wave potential perturbation has the form Φ 1 (r, θ, t)=Φ a e ikR−Ωpt , where Φ a = 2πΣ a /k via Poission's equation.
In both cases, the perturbed epicyclic frequency is the circulation frequency around the pattern, i.e. m(Ω−Ω p ). As the total galaxy gravitational potential is the sum of the unperturbed and perturbed components, Φ=Φ 0 (r)+ Φ 1 (r, θ, t), the epicyclic frequency becomes
where κ is the epicyclic frequency in the unperturbed, axisymmetric potential. Here we label epicyclic motions in the presence of non-axisymmetric potentials K but elsewhere we refer to epicyclic motions generally as κ unless otherwise noted. Far enough from the corotation radius (where Ω=Ω p ) of a bar or a two-armed spiral (with m=2)
Generally, for small displacements ǫ r from the corotation radius R CR of the pattern
2.4. Internal motions including gas self-gravity Gas motions should also reflect the potential defined by the cloud material. For a cloud of mass M with a volume density profile ρ ∝ r −k we write the potential as
following Bertoldi & McKee (1992) where
In the case of a homogeneous (uniform density) cloud,
2.4.1. Motions due to self-gravity For an isolated cloud in energy equipartition, the potential defined by the weight of the cloud is matched by the kinetic energy. We assume that the kinetic energy released by self-gravity is in the form of infall motions that we describe with the one-dimensional velocity dispersion
(where R c is the cloud 'radius' and Σ c is the cloud surface density). Here σ sg is distinct from the observed gas velocity dispersion σ v .
σ sg specifically refers to the motions that arise from the gas selfgravity.
Following Vazquez-Semadeni et al. (2008) , Ballesteros-Paredes et al. (2011) and Ibanez-Mejia et al. (2016) we envision these motions as the response of the gas to collapse under its own weight. But we also allow that such motions may be only part of the full spectrum, as additional, turbulent motions can arise through a variety of mechanisms, including feedback or instabilities on larger scales.
In an isolated, self-gravitating cloud with no angular momentum we expect the motions to be quasiisotropic. Simulations of cloud-scale hierarchical gravitational collapse tend to find multiple internal centers of collapse, yielding chaotic but quasi-isotropic velocity fields (Ballesteros-Paredes et al. 2011) . Likewise, in the 'gravitational cascade' picture of Field et al. (2008) , the kinetic energy released during collapse is in the form of quasi-isotropic motions. Because the motions due to self-gravity are not expected to be ordered, any net rotation should stem from the epicyclic motion predicted above. The impact of non-zero angular momentum and the properties of turbulence on the net internal kinematics will be discussed later in § 4.1.
Net gas motions
We envision two scenarios for gas motions framed by the combination of gas self-gravity and the background galaxy potential. In the first case, we hypothesize that the collapse response of gas to its own self-gravity will release the kinetic energy associated with eq. (39), even in the presence of motions induced by the galaxy potential. In this case, we expect all clouds to develop internal motions of magnitude σ sg , which then add to the coherent motions already due to the galaxy potential.
We write the net motions associated with both cloud collapse and the background galaxy potential as the sum in quadrature of σ sg and σ gal ,
where the latter expression adopts the isotropic case for motions due to the galaxy potential. This assumption, which should eventually be tested numerically, implicitly assumes that motions associated with gas self-gravity and with the background galaxy potential are uncorrelated, i.e. the gravitational potential of the gas cloud is assumed to be distinctly different (statistically independent) from the local gravitational potential defined by the background galaxy disk. Thus, even in the case that infall motions at a given location within a cloud are balanced by epicyclic motions, the overall motions in the cloud associated with either gravitational potential add in quadrature.
In the limit that the background galaxy exerts negligible influence, the expression in eq. (40) reduces to
with internal cloud motions reflecting only the selfgravity of the gas. As we discuss below, this scenario should be distinguishable from the case where the background potential becomes significant, so that σ v is not equal to σ sg (see eq.
[40]). The latter should lead to observed virial parameters largely in excess of the α obs =2 expected for marginally bound or free-falling self-gravitating gas. More, it should lead to an observable dependence of the observed virial parameter on the background potential. Eq. (40) represents a hypothesis, which we refer to as energy equipartition. We assume that motions associated with gas self-gravity emerge independent of the background galaxy potential. Even in the case that epicyclic motions play a role in collecting the gas or help support the cloud, we assume that motions of σ sg will still develop. Energetically, we argue that cloud motions should reflect both the potential of the galaxy and potential of the cloud.
A conceptual alternative is that gas motions reflect self-regulation to some equilibrium dynamical state. Self-regulation by star formation has been invoked many times, e.g., Ostriker et al. (2010) and Ostriker & Shetty (2011) . In this second case, motions arising with feedback from star formation are thought to provide a timeaveraged balance against the cloud's self-gravity and keep the cloud near a stable dynamical state.
19 Thus 19 Numerical simulations performed at the cloud scale often show that either the effect of feedback is to disrupt or evaporate clouds or it is incapable of preventing cloud collapse, rather than acting as a way to maintain clouds in near-equilibrium (e.g., Dale et al. 2012; Colin et al. 2013 ).
we might expect the net cloud motions to approximately equal σ sg . As energy dissipates, the cloud becomes selfgravitating, leading to further star formation and feedback that ultimately generates more more motions.
In the self-regulation scenario, the motions due to the galactic potential may still be present and our calculations above remain relevant. These may contribute support to the cloud, lowering the amount of feedback necessary to keep the gas near a fixed dynamical state. As we discuss below, in the radial direction, this resembles the case of Toomre Q self-regulation.
In the next section we discuss observational tests that could distinguish these hypotheses.
2.5. The relative importance of the cloud potential and the local background galaxy potential It will often be of interest to compare the self-gravity of a cloud to the gravitational potential defined by the host galaxy. We use the motions that arise due to each potential as a proxy for the potential strength. We estimate the ratio of forces due to the galaxy potential to those due to self-gravity as
where we have adopted the isotropic case in the final two lines. Here κ would be replaced by K in eq. (34) in the presence of, e.g. a spiral potential perturbation. Motions due to the galaxy potential balance the potential energy of the cloud when γ=1. If motions due to the collapse of the cloud are also present, then gas can be said to be self-gravitating only when σ sg >κR c or γ>1. In this case, motions due to the potential of the cloud exceed those due to the galaxy potential.
The value of γ for which the gas is strongly selfgravitating is presumably nearer to 10 than 2. In this case the self-gravity exceeds the galaxy potential by a factor ≈100. In paper II we calibrate the value of γ associated with the onset of star formation based on observations of clouds in the Solar Neighborhood.
2.5.1. Analogy to Toomre Q The balance between the local galactic potential and the self-gravity of a gas cloud resembles the considerations behind the Toomre Q parameter (Toomre 1964) . Formally expressed as
Q measures the stability of gas disks against collapse, with Q < 1 indicating instability. Here σ v refers to the velocity dispersion due to random motions in the radial direction. Q is defined by matching the scale at which gravity balances internal motions with the scale at which gravity balances the Coriolis force.
The Toomre parameter can be used to approximate gas stability at cloud scales by combining eqs. (39) and (43),
Q c =1 corresponds to a balance between the forces experienced by clouds. From eq. (44), we see that our condition for strongly self-gravitating clouds, σ sg >>κR, will typically correspond to Q c << 1. But note that, depending on σ v compared to σ sg , clouds with σ sg >>κR might still be stable against collapse, with Q c ≈1. These clouds would lie in the regime described by the Jean's criterion, where rotation plays a negligible role (e.g., Schaye 2004) and clouds are stabilized by pressure support. Despite the conceptual similarity to the force balance expressed in the previous section, the Toomre Q parameter notably applies differently in practice. Q describes the balance of forces on a particular spatial scale in the disk plane (associated with the most unstable mode in the disk), whereas our self-gravitation criterion is designed to capture gravitational forces at any scale throughout the gas, including within clouds, and considers all three spatial dimensions. Modifications to the Toomre criterion for gas in the presence of an external potential (Jog 2013 ) and due to finite disk thickness (Romeo 1991) , better approximate the scenario our model is intended to describe. We will use the more generic criterion implied by our model, developed expressly for describing the cloud-scale balance of forces in three dimensions.
2.6.
Comparisons to other models 2.6.1. The role of the epicycle Through the Toomre criterion, epicyclic motion plays a role in several models that describe the influence of the host galaxy on the ISM and star formation. In many of these models, star-forming gas is thought to self-regulate so that Q ≈1 (e.g., Kim & Ostriker 2001; Bournaud & Elmegreen 2009; Krumholz & Burkert 2010) . Our model differs from these in several important ways. First, we do not invoke self-regulation to any particular Q value. Second, we consider epicyclic motions as pertaining to the material within a cloud. Previous focus has considered clouds as ballistic objects that themselves undergo epicyclic motions. In this way, the epicycle introduces timedependent tidal forces (Das & Jog 1995) that represent a potential source of cloud heating. In many scenarios, galactic motions determine where clouds form through the Toomre instability, after which universal properties effectively instantaneously set in. In our treatment, the same galactic motions envisioned by Toomre extend to within the cloud interior.
Vertical equilibrium and self-regulated star formation
Our picture resembles the model proposed by Ostriker et al. (2010) and Ostriker & Shetty (2011) , in which the fraction of gravitationally bound, star-forming gas is linked to vertical dynamical equilibrium. Equilibrium is achieved through a balance between the vertical weight of the gas due to the stars and dark matter and the (turbulent and thermal) pressure in the diffuse gas originating with the feedback from star formation. The model invokes star formation self-regulation to maintain this equilibrium. Too little star formation and the gas disk is under-pressurized, leading to collapse and an increase in star formation, which raises the pressure and subsequently reduces star formation. This helps explain the almost universal inefficiency of star formation in normal galaxies (Ostriker et al. 2010; Hopkins 2012) .
The model proposed here differs in two ways. First, we treat motions in the plane, in addition to the vertical direction. This synthesizes the two main mechanisms proposed to regulate star formation: vertical pressure equilibrium (Ostriker et al. 2010 and ) and shear and Coriolis forces as parameterized by Toomre Q≈1 (e.g., Koyama & Ostriker 2009; Hunter et al. 1998; Hopkins 2012) . But, whereas gas disks have been considered either razor thin (with no vertical structure) or composed of ballistic selfgravitating clouds, in this new model galaxy-induced motions pervade the cloud interior.
Second, we do not invoke feedback-driven selfregulation. Instead, we envision cloud-scale motions as generated by the combination of collapse due to selfgravity and the influence of the galaxy potential. This framework therefore does not assume a particular critical state a priori but considers the velocity dispersion in the gas as implied by the equipartition of energy between motions and the relevant potentials.
The combined influence of feedback and gravity
The formalism presented here can be easily modified to include the energetic contribution from other potential sources of motion, including mechanical feedback from star formation, which is an important barrier to instability and collapse in many models of star formation (i.e. Krumholz & McKee (2005) ; Hennebelle & Chabrier 2011; Ostriker et al. 2010; Padoan & Nordlund 2011) .
Simulations show that feedback can internally support clouds in rough virial equilibrium (e.g. Goldbaum et al. 2011; Zamora-Aviles et al. (2012) ) and maintain disks in time-averaged vertical pressure equilibrium (i.e. Ostriker & Shetty 2011; Shetty & Ostriker 2006) . This implies that motions associated with feedback could contribute an additional energy term that roughly matches self-gravity.
How these motions should be combined with those due to collapse is not clear. In an equilibrium picture, mechanical feedback might cancel out collapse, removing one term from our net motions and leaving another of the same magnitude. At maximum, the motions will combine. Given the plausible magnitude of feedback from simulations, we expect that σ 2 could be raised by as much as ≈ σ 2 sg . The motions due to the galaxy potential are roughly the same as those associated with self-gravity on the cloud scale (Fig. 2) , so the internal cloud velocity dispersion due to the combination of gravitational forces and feedback might appear as large as ≈ √ 3σ sg . It is worth noting that feedback from star formation may provide an important avenue for removing the ordered nature of the epicyclic motions and promoting dis-sipation in the gas through shocks and collisions. But feedback may also help distribute the gas to large scales, where it again becomes dominated by orbital motions. This energy might then re-emerge as cloud-scale motions as the gas collapses again. The mechanical energy from feedback may also help drive evolution in the orbital energy distribution of the gas. This, too, would ultimately create the pattern of coherent epicyclic motions modeled here.
Such links remains speculative. Simulations combining a realistic, rotating galaxy potential, feedback, and gas self-gravity will help resolve the nature (coherent, chaotic, turbulent) and magnitude of motions on different spatial and time scales.
2.6.4. Relation to turbulence In the limit of a dominant external galaxy potential, gas should exhibit an ordered pattern of coherent epicyclic motions. Other sources of motion, like magnetic fields and mechanical feedback from star formation, will change this picture. Additional sources of energy can disrupt the coherent motions predicted under the influence of gravity, leading to shocks and local instability in the gas that can convert orbital energy in to turbulent motions, in particular.
A number of mechanisms have been proposed to transfer kinetic energy from coherent to turbulent motions. This could be possible via one, or several, of the largescale instabilities proposed by, e.g., Sellwood & Balbus (1999) , Kim et al. (2003) , Wada, Meurer & Norman (2002) , Vazquez-Semadeni et al.
and Kim, . If the instability required to generate turbulence is gravitational in nature, this could offer a more pervasive mechanism to convert galaxy-induced motions into turbulence. The process of cloud formation, itself, may be one of gravitational collapse from the surrounding medium, such as envisioned by Vazquez-Semadeni et al. (2006) and earlier by Kim & Ostriker (2001) . In this case, gravitational motions would be converted into turbulence at the cloud scale. But if only a fraction, and not the whole cloud, is collapsing, we might expect the motions introduced by the galaxy to remain coherent until gravitational instability sets in, e.g. on the smallest scales at the highest densities.
An alternative path to turbulence could arise with the dissipative, compressible nature of the gas, which leads to the development of small-scale shocks that dissipate the kinetic energy (converted either into heat or turbulence). We note, though, that the coherent, epicyclic nature of the motions would tend to lengthen the dissipation timescale.
Numerical simulations are the ideal setting to identify the mechanisms and scales at which turbulence is generated from gravitational motions. This requires including an external potential, with shear (from differential rotation) and Coriolis forces, in local turbulent box models, or perhaps tuning external driving to approximate the sustained, coherent motions predicted in axisymmetric disks (presumably resembling solenoidal driving; although motions resulting from passage through a spiral arm, for example, could introduce a more compressive component).
Larger-scale high resolution simulations that model the dynamics of the gas in the context of a host galaxy potential (e.g. Kim & Ostriker 2002; Tasker & Bryan 2006; Dobbs et al. 2006; Dobbs & Pringle 2013; ?; Smith et al. 2014) are optimal for recognizing the scales at which coherent motions develop into turbulence. Although the state of these simulations is changing rapidly, so far few include self-gravity or achieve the resolution necessary to capture motions much below the cloud scale, which is key for identifying how and where clouds decouple from bulk motions in the rotating gas disk. We note that cloud-scale gas motions consistent with those predicted here to originate under the influence of host galaxy are recognizable in the AMR simulations studied by Utreras et al., (in prep.) . Observationally, the transition from galaxy-induced coherent motions within clouds to turbulence and/or to collapse motions may be recognizable using dendrograms or similar diagnostics of the kinematic and spatial structure of molecular gas. Later in § 4.1 we discuss the signatures of coherent motions on cloud scales.
QUANTITATIVE PREDICTIONS OF THE MODEL: NET GAS MOTIONS
The magnitude of the velocities due to the galaxy potential is set by the epicyclic frequencies κ and ν. Because κ and ν vary throughout galaxies (and from galaxy to galaxy), we expect the importance of the galaxy potential to vary with respect to gas self-gravity. To examine how the balance of gravitational forces changes throughout realistic molecular cloud populations, we compare a model for the expected behavior of the motions due to the galaxy σ gal in eq. (30) with those due to self-gravity.
In this illustration, the dependence of σ gal on location in a galaxy is determined by the galaxy's stellar mass. The galaxy mass is empirically linked to the shape and maximum of the galaxy's rotation curve via global scaling relations. Given a total stellar mass, the model yields κ as a function of radius according to eq. (9). We also estimate the frequency of vertical motions ν in relation to κ using eq. (20) and adopting a stellar scale height appropriate for the mass of the given galaxy (see Appendix B) . Along with the cloud scale, R c , this yields an estimate for the magnitude of the net epicyclic velocities.
The gas self-gravity also varies. For a given R c , the motions due to self-gravity σ sg are set by the assumed cloud surface density. To account for changing cloud populations, we allow the gas surface density on cloud scales to decrease with galactocentric radius, again following an empirically-motivated model (Appendix C). This model is motivated by observations of the MW (Miville-Deschenes et al. 2017) and can span several decades in cloud surface density. For most of our calculations, the outermost galactocentric radius is intentionally located near the edge of typical molecular disks in normal star-forming galaxies (e.g., Schruba et al. 2011 ; see Appendix C).
3.1. Motions in a Milky Way-like potential Figure 1 shows predictions for a galaxy with a stellar mass equal to that of the Milky Way (MW). We plot motions associated with the galaxy potential as a function of the dispersion σ sg associated with self-gravity. The galaxy gravitational potential is represented by epicyclic motions in either the isotropic (left) or non-isotropic (right) cases on the vertical axis. On the horizontal axis the motions σsg due to the gas self-gravity are shown. In each panel, a series of five sets of lines portray values at increasingly large galactocentric radius R gal =0.015, 0.5, 1, 2 and 4 Re from red to purple, right to left. At fixed R gal , the width of the line denotes a factor of ten spread in gas surface density around the average value suggested by the model described in Appendix A. The three different line stylings show values for four different cloud radii Rc=3, 10, 30 and 50 pc. In the shaded region at the right of each panel, three diagonal lines highlight regimes of different relative force strength Γsg=γ −1 sg ≈κRc/σ≈Qc. When Γsg =1, gravitational forces balance. When Γsg<<1, the gas is self-gravitating.
To estimate σ gal , we use the empirically-based rotation curve described above and the mass of the MW. σ sg also varies, in this case according to the fully modeled range of cloud surface densities Σ c =1-2000 M ⊙ pc −2 with Σ c decreasing across the radial range R gal = 0.015−4 R e . At each R gal we show calculation for four cloud sizes, R c =3, 10, 30, 50 pc. Figure 1 shows that motions due to the galaxy potential match or exceed those expected for self-gravity across a wide range of galactocentric radii, cloud surface densities, and cloud sizes. In the non-isotropic case (right) motions due to the external potential become even stronger at large galactocentric radii, reflecting strong vertical motions. Overall, the calculation argues strongly that forces due to the galactic potential, including Coriolis forces, are not negligible at cloud scales.
This assessment holds at other galaxy masses, as illustrated in Figure 3 in Appendix B. The MW is on the high end of the mass range spanned by the local galaxy population. We expect the galaxy gravitational potential to become even more important relative to self-gravity in less massive disks. This effect will be compounded by the fact that lower mass tend to host clouds that are less massive and of lower surface density than clouds in more massive galaxies (Rosolowsky & Blitz 2005) , reducing the strength of the gas self-gravity on the cloud scale.
Note that the importance of the galaxy potential does depend on the assumed cloud properties. For example, clouds situated the innermost R gal with surface densities Σ c 200 M ⊙ pc −2 , lower than considered in Fig. 1 , will have κR c >>σ sg . Meanwhile in the outer disk, clouds with surface densities Σ c 10 M ⊙ pc −2 , also not shown, can be strongly self-gravitating, with κR c <<σ sg . Systematic variations in cloud size with galactocentric radius, such as the decrease from the disk to the center of the MW (e.g. Henshaw et al. 2016 ; and see Meidt et al., in prep.) will also affect the relative importance of the galaxy potential.
The presence of stellar dynamical features like spiral arms also enhance epicyclic motions relative to σ sg . As modeled in § 2.3.5 and illustrated in Figure 3 (Appendix B), spiral arm perturbations introduce locally large gradients in the gravitational potential, raising the epicyclic frequency (eq. 34). In these environments, the background host galaxy makes an increased contribution to observed motions, which are thus raised above the level expected due to only gas self-gravity.
Ballesteros-Paredes et al. (2009a) also emphasize the importance of the external potential defined by the background disk galaxy compared to the self-gravity of clouds, with a treatment that includes both tidal and Coriolis forces, thus making it most directly analogous to the framework we develop here. As highlighted in Figure 3 , our empirically-motivated description of the galaxy potential suggests that it can be similarly strong or stronger than gas self-gravity as compared to the model parameters chosen by Ballesteros-Paredes et al. (2009a) , particularly towards galaxy centers, which were omitted in that study.
3.2.
Characterizing the dynamical state of the gas on cloud scales We expect the background galaxy potential to play an important role in internal cloud motions. Here we describe how motions induced by the galaxy should be manifest in several observational diagnostics of cloud dynamical state. In § 3.3 we show that the trends predicted by the model agree with observations.
The linewidth-size relation coefficient
One of the contemporary diagnostics of the dynamical state of molecular clouds is the dependence of the 'sizelinewidth relation coefficient'
on cloud surface density Σ c . This diagnostic is used in the literature to highlight the sensitivity of clouds to their environment (e.g. Heyer et al. 2009; Field et al. 2011; Ballesteros-Paredes et al. 2011; Leroy et al. 2015; Hughes et al. 2016) . Figure 2 shows an idealized sketch of a vs. Σ c for a model cloud population spanning a range of galactocentric radii. Here, σ 2 obs = σ 2 sg + σ 2 gal , the quadrature sum of both types of motion in eq. (40). For this figure we adopt a galaxy mass slightly lower than the MW in order to highlight the stronger effect of the potential in these targets. See Appendix C.1 for more detail. Similar to Figure 1 , the model cloud surface densities decrease with galactocentric radius (see Appendix C), but with a large range of surface densities still present at each radius.
In a plot like Figure 2 , isolated, self-gravitating clouds follow a relation like the black dotted line. Incorporating motions due to the galaxy potential, our model predicts a strong deviation from this trend. Clouds show higher line width at a given surface density than for the pure self-gravitating case, with low Σ c clouds most affected.
At a given R gal , clouds with low Σ c and high R c exhibit the largest deviations from the self-gravitating case. The size dependence may seem surprising given that a ∝ R −1 c . However, the dependence arises when σ is dominated by σ gal , which increases with R c .
The calculations that produce Fig. 2 show strong variation of a with galactocentric radius. We expect a to be preferentially elevated at small galactocentric radius, where the galaxy potential dominates gas selfgravity. Clouds in the MW exhibit a similar trend (Miville-Deschenes et al. 2017).
The virial parameter
The virial parameter α assesses the ratio of the kinetic and potential energies in a cloud. Models of the turbulent ISM link α to the onset of star formation (e.g., Padoan et al. 2014) . α=1 indicates that cloud is in virial balance. α=2 represents energy equipartition.
Typically, the virial parameter is constructed from the observed velocity dispersion, a quantity we refer to as α obs . The velocity dispersion used to calculate α obs will include motions due to the galaxy potential. To consider the balance only between the random, internal motions and the cloud potential, which is likely still of interest, we write vs. cloud surface density Σc, where σ reflects motions due to both gas self-gravity and the background galaxy potential. (Other sources of motion, such as feedback and magnetic fields, have been omitted here for illustration.) The stellar mass of the galaxy in this example is M⋆=10 10.5 M ⊙ . Five sets of three curves are shown, each at a different galactocentric radius: R gal =0.015Re (red), R gal =0.5Re (orange), R gal =1Re (green) and R gal =2Re (blue). At each R gal trends for three cloud sizes are shown: Rc=15 pc (solid), Rc=30 pc (short dash) and Rc=45 pc (long dash). The thin diagonal dashed line shows the trend predicted in the case of only self-gravity. Large clouds are offset to higher a at fixed Σc when gas self-gravity is relatively weak compared to the galaxy potential (i.e. at low Σc and/or large R gal ).
for the isotropic case and
for spherical clouds in the anisotropic case. The resulting α corr can then be used to compare the cloud selfgravity to its random internal motions. Without this correction, the observed virial ratio α obs will overestimate the ratio α corr by at least ≈ κ 2 R 2 c /σ 2 sg . Figure 3 illustrates how the virial ratio α obs would appear for isotropic clouds in true virial equilibrium with α corr =1 in eq. (46). Low mass clouds with low surface densities appear systematically more stable against gravitational collapse. In this example, the apparent discrepancy is larger at smaller galactocentric radii, where κR c becomes stronger.
The strong radial dependence of κ implies that α obs should show signs of variation with radius. We note that an equally likely recognizable trend (not illustrated) is azimuthal variation reflecting an increase within bars and in spiral arms compared to inter-arms where κ increases to K as explored in § 2.3.5.
The difference between α corr and α obs means that gas may be in a true state of virial equilibrium even when α obs > 1. It remains unclear, however, whether α corr or α obs is more relevant to star formation. α obs might actually be more meaningful if large gas motions due to the the galaxy potential impede star formation. However, α obs is a direct measure of the relative strengths of the galaxy potential and self-gravity. We advocate a different indicator of the onset of self-gravitation ( § 2.5), described fully in Paper II.
Trends in the average velocity dispersion at fixed size/scale
The dynamical state of molecular gas can also be assessed by comparing the ratio of line width, σ obs , to surface density, Σ c at fixed spatial scale (e.g., Leroy et al. 2016; Sun et al., in prep.) . Gas organized in to clouds in approximate virial equilibrium is expected to follow σ obs ∝Σ 1/2 c at fixed spatial scale when the scale probes the typical cloud size, R c (Heyer et al. 2009 ; and see eq. 39).
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Figure 4 illustrates how σ obs due to the combination of self-gravity and the background galaxy potential would 20 We emphasize that the relation between σ and Σ at fixed spatial scale is recommended for use as a diagnostic of the dynamical state of clouds when designated specifically by the expression for energy equipartition in eq. (40) depend on Σ c . We plot results for the average relation for galaxy disks with several different masses, again using the empirical models in Appendix C. For this example, we adopt a 150 pc beam, typical of extragalactic cloud surveys.
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Averaged across the gas disk, our predicted relationship between σ obs and Σ c appears shifted to slightly higher values than in the pure self-gravitating case, and with more curvature. The largest systematic deviations occur at large R gal . Given the lower Σ c assumed there, our model predicts a weakening of the gas self-gravity relative to the galaxy potential. As a result, σ obs traces a shallower dependence on Σ c . Such elevated line widths and a deviation from the expected self-gravity scaling could serve as an observational indicator that that motions due to the galaxy potential are playing an dominant role in setting σ obs .
We can describe how the trend emerges by expanding both terms in eq. (40) to first order around some multiple of R e . At radius R=nR e , we now write the 1st term (varying like e −R ) as
and the second term, which varies like R −η , as
Here we let η (and the constant factor C) reflect the different radial trends predicted in the case of either isotropic or non-isotropic motion considered in the model. For isotropic motions, σ
2 R −2 in the flat part of the rotation curve so here η = 2 and C=1. For non-isotropic motions σ 2 gal is dominated by vertical motions (νR c ) 2 ∼ (κR c ) 2 R(2z 0 ) −1 ∼ R −1 , so η=1 and C = (2z 0 ). Over most of the disk, the coefficients in front of the bracketed terms in expressions (48) and (49) above are comparable, as suggested by Figure 1 . As a result, the two bracketed terms combine to approximately yield a single dependence
which is the first order approximation to the exponential e −F R/Re where
Thus, moving towards large galactocentric radius the velocity dispersion σ = (σ 2 sg + σ 2 gal ) 1/2 varies approximately as Σ 5/(6n) for large n in the isotropic case. According to our model, the relation between σ and Σ will vary across several key environments. I CO (right) on 150 pc scales throughout the molecular gas disks of nearby galaxies, where σ represents the motions required for energy equipartition in the presence of gas self-gravity and the background galaxy gravitational potential. (Other sources of motion, such as feedback and magnetic fields, have been omitted here for illustration.) Curves track the radial dependence of both quantities, modeled as described in the text, in galaxies with stellar masses in the range 9.25<log M⋆/M ⊙ <10.75 in steps of 0.5 log M⋆/M ⊙ . Trends are shown out to 5 Re, to encompass the full extent of the molecular disks of nearby star-forming galaxies (Schruba et al. 2011) . The thick black line marks the relation expected in the case of gas self-gravity (with γ=0, in the absence of the galaxy gravitational potential) while in the left panel three other gray lines mark an increasing contribution from the external potential (from low to high: γ=1, 2, and 5). The black dashed line shows the relation log σ=0.34 log Σ predicted for the net balance of kinetic and (internal and external) potential energies (see § 2.4.2) at a radius of 2Re in our empirically-motivated disk model, near the edge of the bright molecular disk. Energy equipartition in the presence of gas self-gravity and the galaxy potential becomes increasingly recognizable in the main disk at larger galactocentric radius and lower Σ.
Since self-gravity and the external potential are of similar strength across the bulk of typical galaxy disks, we expect cloud-scale motions in the majority of the molecular gas to be well-described by the approximation given above. Particularly in the zone between R gal =0.5 and 2R e (spanned by the brightest molecular emission; Schruba et al. 2011) , the slope of the relation between log σ and log Σ modeled in Figure 4 decreases from 0.5 to ≈0.3. At these radii galaxy rotation curves have mostly flattened out and so the trend is nearly independent of galaxy mass. A slightly shallower slope is expected in the case of non-isotropic galaxy-induced motions, although these mostly remain comparable to the estimated isotropic motions across this zone.
Galaxy centers
In the centers of galaxies where gas surface densities are high but the galaxy potential still dominates self-gravity, the dependence of σ on Σ is much steeper. Here we expect the gradient in the potential to be larger in the plane than in the vertical direction, so motions in both the isotropic and non-isotropic cases will vary approximately as κR c , leading to σ≈Σ 0.25n −1 , which becomes super-linear at radii less than R ≈ 0.25R e . According to the strong variation in the CO-to-H 2 conversion factor in galaxy centers predicted by the model (discussed later in § 4.2), however, σ is predicted to show a less strong dependence on the CO line intensity I CO at inner radii than with Σ as illustrated in the right panel of Figure 4 .
Bars and spiral arms With the addition of dynamical features, galaxies may show that σ is locally raised even further above the selfgravity expectation than indicated by the axisymmetric models assumed in Figure 4 . But on average, in the strongest cases this should be limited to the innermost radii or well beyond the edge of the bright molecular disk, given the dynamical characteristics of nearby star-forming disks. In the case of bars, deviations are expected to be largest at small galactocentric radius and decrease towards the bar corotation radius R CR,bar , where the bar rotates with the same angular rate as the disk material. This should occur at or beyond the edge of the brightest molecular emission, given that the corotation radii of bars typically fall in the range R CR,bar =0.3-0.6 R 25 =1.5-3R e =0.4-0.5 R 90 (Rautiainen et al. 2009 ; with R e , R 50 and R 90 as measured for nearby molecular disks by Schruba et al. 2011) . Spiral corotation radii are located even further out (e.g. Elmegreen et al. 1989 ).
Galaxy outskirts
Moving toward galaxy outskirts (not shown) the gas surface density becomes so low that the galaxy potential induced motions dominate those due to self-gravity, leading to large 'super-virial' motions and considerable offsets from the self-gravity line portrayed in Figure 4 .
At large enough radius where the background potential becomes less disk-like and more triaxial (dominated by dark matter) the super-virial gas motions on cloud scales are expected to be primarily isotropic. Here the onedimensional velocity dispersion (νh) 2 = 4πGρh 2 , where h is the gas scale height or cloud radius and ρ is the local (dark matter) density.
Note that clouds at these large radii, which have been observed in the MW to be very small and sustain much larger velocity dispersions at fixed size than those held together by gravity alone, are thought to be pressure-confined (see Elmegreen 1989 and Field et al. 2011) . Our model provides an equivalent explanation, but rather than invoke pressure, i.e. balancing the weight of the background galaxy, we relate gas motions directly to the galaxy potential itself.
A first comparison to observations
Here we present a preliminary comparison of the model with observations. First we consider the basic trends in measurable gas properties expected within a single galaxy. Then we examine how well the model describes differences that emerge between cloud populations depending on global galaxy properties.
3.3.1. Variations in the dynamical state of the gas in M51 measured on cloud scales
The PAWS survey ) of CO (1-0) emission in M51 yielded one of the first cloud-scale views of molecular gas across a grand-design spiral galaxy. Here we compare the molecular gas velocity dispersion measured from PAWS to the models developed above.
We take σ obs and Σ from the PAWS zeroth and second moment maps (Pety et al. 2013 ) at their native 1" resolution and at the 23 ′′ resolution of the PAWS single dish survey. These correspond to 40 and ∼ 1 kpc at the adopted D=7.6 Mpc distance to M51. PAWS includes short and zero spacing data, and the ISM of M51 is molecule-dominated over the PAWS field (Hitschfeld et al. 2009 ). Therefore these maps should accurately capture the gas distribution. The single dish map, though low enough resolution that it does not sample cloud scales, covers a wider area than the interferometer map.
We estimate the epicyclic frequency, κ, from the PAWS rotation curve derived by ?. For the non-isotropic case, we estimate ν using the scaling relations to link the stellar mass of M51 with a model for the stellar mass surface density and stellar scaleheight (see Appendix B). This estimate of ν is more approximate than our measurement of κ.
The left panel of Figure 5 shows σ obs vs. Σ at the fixed 40 pc (top) and 1 kpc (bottom) scales. In both cases motions exceed those predicted for self-gravity alone (illustrated by the black line). The data appear wellapproximated by our models that combine self-gravity and galactic forces, shown in red. These red model curves are the same predictions shown in Figure 4 for a galaxy with the mass of M51, extending over sthe appropriate field of view for each data set. To approximate the effect of resolution on the surface density observed at the lower resolution of the single dish (30m) data, the curve on the bottom is shifted to lower surface densities than in our nominal cloud-scale surface density model by an arbirtrary factor of 10 (cloud-scale clumping factor of 10) chosen to match the observations. The right panels further illustrate the good match between our model and the PAWS observation. There we show the radial variation in the component of observed motions not due to gas self-gravity, i.e., σ
1/2 with σ sg estimated from the observed surface density.
In both the top and bottom rows, the motions in excess of self-gravity (gray band) match the predictions from our model well. In particular, our data appear well-matched to the non-isotropic case, in which vertical motions νR c are larger than predicted in the isotropic case where they are κR c . Given the nearly face-on inclination of M51, vertical motions are expected to dominate the observed line-of-sight velocity dispersion. For completeness, the solid line shows the prediction for the full non-isotropic model that includes the projection of in-plane motions κR b sin i along the line of sight, with R b set by the beam size.
The 30m data shows a similar result, with the observed line widths well-described by the vertical term in the anisotropic case. The measured velocity dispersions are much higher than in the PAWS map. This likely reflects a mixture of blurring of the rotation curve ("beam smearing") and the greater sensitivity of the 30m data to spatially-extended emission. The slight increase in σ toward the outermost radii may be due to increasingly low signal-to-noise at the map edge.
The cloud scale R c that must be assumed in order to generate the comparison models are chosen to be R c = 25 pc for the cloud-scale data and 80 pc for the single dish data. These values are chosen to match the observed line widths, but they also match the measured cloud sizes in M51 within the uncertainties. Colombo et al. (2014a) found a median rms cloud radius of 32 pc (corresponding to an rms size of 64 pc), characterizing ∼ 50% of the emission. Pety et al. (2013) estimated a scale height of the gas of ≈ 100 pc using calculations similar to those we carry out here.
3.3.2.
Variations from galaxy to galaxy M51 shows clear signatures of motions driven by the galaxy potential. Next we apply our model to interpret differences among the cloud populations hosted by galaxies with different stellar masses and orientations.
For this comparison, we use catalogs of cloud properties estimated from CO emission in four galaxies: M51 (Colombo et al. 2014a ), M33 (Druard et al. 2014) , the LMC (Hughes et al. 2010 ) and the MW. We further separate the Milky Way into disk (Heyer et al. 2009 ) and center (Oka et al. 2001) populations. We use the properties as catalogued, only adjusting where needed to calculate a set of uniformly defined cloud masses, rms velocity dispersions, and rms sizes. We note that comparisons between cloud populations extracted with varying decomposition strategies, applied to observations with non-uniform spatial and spectral resolutions, should be interpreted with caution (Hughes et al. 2013a) . Table 1 reports the key properties of each target. Figure 6 shows the properties of clouds from the four galaxies in several key parameter spaces. In the top left, we see that clouds in M51 have larger line widths at 
Fig. 5.-Comparison of observed and modeled motions in the molecular gas of M51 at 1"=40pc resolution across the PAWS field of view (top row) and derived from the PAWS (single-dish) 30m observations of CO(1-0) at 23" resolution (bottom row). (Left) Contours of the observed velocity dispersion σ vs. gas surface density Σ. The black line shows the prediction for motions due to self-gravity σsg (top) and 5×σsg (bottom). The red dashed line indicates the trend predicted by our model in a galaxy with the mass of M51, across radii matched to the PAWS field of view (top) or across the entire disk (bottom), in the latter case with an arbitrary assumed filling factor of 0.1 (clumping factor c=10). (Right) The gray shaded area highlights the range in the 1D super-virial motions (σ 2 − σ 2 sg ) 1/2 throughout the molecular disk measured by subtracting from the observed σ an estimate for σsg defined in relation to the observed Σ (see text). The azimuthal average at all R gal is indicated by the solid dark gray line. Black curves show model predictions adopting Rc=25 pc for the PAWS data. The 30m data are matched assuming Rc=80 pc. The black solid line shows the model prediction for σ gal,los due to the galaxy potential in the non-isotropic velocity case. The black dotted line shows the prediction assuming isotropic motions in 1D estimated as κRc. The black dashed line represents νRc in the non-isotropic model. fixed size than those in the lower-mass M33 and LMC, as previously noted by Hughes et al. (2013a) . As shown by Oka et al. (2001) , Galactic center clouds also have higher velocity dispersions than their counterparts in the disk of the MW.
Clouds also populate different regions in plots at the top right and bottom left of Figure 6 . The top right panel shows the 'line-width size relation coefficient' a=σ 2 /R c vs. cloud surface density Σ c . The bottom left shows virial parameters vs. cloud mass M c . These plots show many of the same characteristics seen in Figures 2  and 3 . The rise in α obs at low cloud mass, and the curvature of the coefficient of the line width size relation as a function of surface density suggest that clouds across these galaxies indeed resemble our model calculations.
Differing cloud demographics and rotation curve shapes preclude a single model prediction that can be plotted in the first three panels. We can note some general trends, however. First, clouds arising in regions where the galaxy potential is relatively weak (either because the gas surface density and self-gravity is particularly high or the potential itself only weakly varying; e.g. LMC, Solar Neighborhood, M51), show better proximity to virial equilbrium (alpha=1) than clouds in the galaxy center or M33. Also, the strong offset of Galactic center clouds towards much larger normalized linewidths than expected for their surface density is reminiscent of the offset portrayed in Figure 4 at inner radii (at high gas surface density), where the galaxy potential dominates self-gravity. In the bottom right panel of Figure 6 , we directly compare the cloud catalogs to our model. To do this, we plot the observed 'super-virial' motions against the predicted motions induced by the galaxy in our model. As above, here the super-virial motions refer to the difference in quadrature between σ obs and the dispersion predicted from only self-gravity. Except in the case of M51, we estimate κ for each cloud based on its present galactocentric radius and the rotation curve estimated based on the mass of its host galaxy. For the Galactic center clouds, positions are inferred from their LSR velocities, also adopting a MW-mass rotation curve. Likewise, for each cloud we assign the vertical frequency ν based on the stellar density inferred at the cloud's position, again using galaxy scaling relations to estimate the stellar surface density and scale height.
Despite the approximate nature of the model, the bottom right panel of Figure 6 display remarkable agreement between the predicted and observed super-virial motions. Although scatter remains, there is much less systematic deviation from galaxy to galaxy than any in any of the other parameter spaces shown in the Figure. Here we assume that the motions are anisotropic in a spherical region of radius R c , which we set to the measured cloud size. This choice appears to provide the best match to the observations, particularly with regard to the clouds in the more face-on galaxies M51 and M33. As we found for M51 in the previous section, the verti- Hughes et al. (2013a) . 2 References for inclinations: (1) Colombo et al. (2014b) , Paturel et al. (2003) , (3) van der Marel & Cioni (2001) . 3 References for stellar masses: (1) Leroy et al. (2008) , (2) Corbelli (1993) , (3) Kim et al. (1998) , (4) Licquia & Newman (2015) .
cal component that dominates the line-of-sight at low i exceeds the modeled κR c but can be well described by νR c .
At the inclination of M33, the line-of-sight contains motions that arise roughly half from the vertical direction and half from in-plane motions. We find that both are necessary to match the observations. For galactic center clouds, on the other hand, the line-of-sight records motions in the plane and we find that motions in the plane κR c provides a good match to the observations.
Overall, the bottom right of Figure 6 suggests that the forces exerted by the external galaxy potential may offer a compelling interpretation for observed cloud-scale gas motions. Accounting for the galaxy potential tends to unify clouds across different environments, and even Galactic center clouds resemble those in less extreme environments.
FURTHER PREDICTIONS OF THE MODEL
Despite the simplicity of the model described above, it appears to match observations well. As we describe in this section, there are several other observational tests that could be used to assess the validity of the model and the importance of the local galaxy potential. We highlight signatures of rotation, virial equilibrium and cloud morphology.
Observational signatures of cloud rotation
Coherent motions on the scale of clouds can be directly observed. If the motions described above are present and dominant, then rotational motion about the galaxy center should be visible at or even below the scale of a cloud. These motions should appear as a measurable velocity gradient across the cloud in the same sense as the local bulk velocity field. A strong first-order test of our model is thus to search for signatures of cloud-scale velocity gradients aligned with the large scale velocity field.
Intrinsically elliptical cloud shapes, such as expected according to the discussion in § 4.3, will introduce a misalignment between the observed orientation of the velocity gradient and the true rotational line-of-nodes. Following the treatment applied to elliptical stellar orbits, we can expect the misalignment to depend on the cloud axis ratio, the galaxy inclination, and viewing -Example of the difference in CO-to-H 2 conversion factors X CO estimated with and without taking into account the galactic potential in the virial energy balance of molecular clouds. The galaxy potential is modeled after the properties of the nearby barred galaxy NGC 6946 (see text). The black curve shows the variation expected for cloud with radius Rc=30 pc, in which gravitationally-induced motions driven by the host galaxy are isotropic on the cloud scale. The gray band indicates the range expected for cloud sizes between 15 pc (top edge) and 50 pc (bottom edge). The red curve illustrates the change to X CO predicted in the case of non-isotropic cloud-scale motions due to the galaxy.
angle (Teuben 1991; Franx, van Gorkom & de Zeeuw 1994; Wong et al. 2004) .
Several other factors may obscure the predicted motions. As showed by Burkert & Bodenheimer (2000) , the long-wavelength modes of isotropic turbulence produce a net projected velocity gradient across clouds, imitating the signatures of rotation. Another exception is when the whole cloud has some spin angular momentum, i.e. inherited during the formation process (e.g. Rosolowsky et al. 2003; Dobbs 2008) , or as a result of interaction with other clouds, whose potentials we currently ignore). In this case, the observed kinematics may reflect the combined epicyclic motion and the cloud's rotation.
An evaluation of how well the predicted velocity gradients compare with the observations to date is warranted, but presently outside the scope of this work. We note, though, that the observed velocity gradients are roughly consistent with the epicyclic motions in our model. For the clouds in M33, Rosolowsky et al. (2003) measure an average (deprojected) gradient ≈0.05 km s −1 pc −1 . This is comparable to the average κ expected at 1R e for a galaxy of its stellar mass (see Table 1 ). Cloud-scale velocity gradients in the LMC are similar to those in M33 and the MW (Hughes; PhD thesis), and imply that in the LMC cloud rotation may be related to the kinematics of the surrounding gas. Based on a high resolution study of the molecular gas in early type galaxy NGC 4526, Utomo et al. (2015) suggest that cloud rotation is due to shear and find that observed gradients are consistent with the local rotation.
Contrasting the CO luminosity and dynamical masses M dyn of molecular clouds offers important constraints on the CO-to-H 2 conversion factor α CO (Solomon et al. 1987; Scoville et al. 1987; Dame, Hartmann & Thadeus 2001; Bolatto et al. 2008; see Bolatto et al. 2013 for a review) . Often the dynamical mass is determined based on the assumption that the internal kinetic energy balances the cloud's potential energy but neglecting the potential of the galaxy. In our model, the host galaxy potential should affect dynamical mass measurements everywhere that we predicted super-virial line widths above.
Using σ obs to estimate a virial mass M dyn will overestimate the true molecular gas mass M mol when κR c σ sg . Consequently, measurements of α CO =M mol /L CO based on these estimates will also be high.
The magnitude of the overestimate will be κ 2 R 2 c /σ
Here the sin i term represents the additional contribution to the line-of-sight velocity dispersion from beam-smearing.
The magnitude of the overestimation should be largest in galaxy centers or bars, where κR c /σ>>1. The effect should decrease toward galaxy outskirts. Our model predicts little bias in measurements of α CO from the Solar Neighborhood situated in the outskirts of the MW, for example.
The true value of α CO should also be affected by the broadened line widths (e.g., Shetty et al. 2011) . For a fixed column density, the optical depth of CO decreases as the velocity dispersion of the medium increases. As a result, the conversion factor for a fixed Σ c should be reduced by an amount ≈ κR c /σ sg due to line broadening.
This broadening of the line width by the galaxy potential has been invoked to explain the lower α CO in ULIRGs and galaxy centers (e.g., Downes & Solomon 1998 ,Bolatto et al. 2013 . Our model gives a way to treat galaxy disks and galaxy centers in a unified way.
This also makes it possible to quantitatively unify apparently disparate virial mass and dustbased determinations of α CO (Sandstrom et al. 2013; Donovan Meyer et al. 2012) . In some cases, frequently targets with strong stellar bars, virial-based α CO estimates remain high throughout the disk. Dust-based estimates, which do not depend on the line width, show lower values and central depressions in α CO (Sandstrom et al. 2013) .
Our model predicts this behavior based on broadening of the line by the galaxy potential. Figure 7 shows an example calculation for the case of NGC 6946. We assume a weak bar potential and the rotation curve implied by this galaxy's stellar mass M ⋆ = 10 10.5 M ⊙ . We adopt the typical size and surface density of clouds from Donovan Meyer et al. (2012) . Our model predicts a low value for α CO (red curve) and suggests that linewidth-based approaches will yield higher values of α CO than dust-based approaches.
Implications for cloud morphology
Based on the previous section we identify two regimes in which cloud kinematics and morphology are significantly different from each other: 1) self-gravity is so high that internal ordered motions are relatively unimportant and the tidal force dominates over the Coriolis force, and 2) the local galactic potential dominates over self-gravity so that epicyclic motions exceed σ sg . -Illustration of cloud morphologies expected in the presence of the host galaxy potential in two regimes: (left) relatively strong self-gravity with negligible kinematic response to the galaxy potential and (right) relatively weak self-gravity and net kinematics following the epicyclic motions governed by the local galaxy potential. On the left, the Coriolis force is negligible and the galactic tidal field lengthens clouds in the direction parallel to the gradient in the potential. But on the right, the strong Coriolis force introduces motions along ellipses that are lengthened in the direction perpendicular to the potential gradient. In this illustration the largest potential gradient is in the direction of the galaxy center, but another possibility would be a gradient transverse to spiral arms.
In the first, familiar case, clouds are expected to be elongated by tides in the direction of the galactic center. More generally, their long axis should point in direction of the strongest gradient in the potential. (In the case of an axisymmetric potential, the strongest gradient in the potential is in the radial direction.)
In the second case, we would expect cloud morphologies to resemble the ellipse generated by epicyclic motion. These are elongated perpendicular to the largest gradient in the gravitational potential. Although additional factors like cloud-cloud collisions and SNe feedback also have the potential to shape the morphologies of clouds, this suggests the interesting possibility that, under certain conditions, cloud morphology can serve as a measure of which gravitational force (from self-gravity or the local galaxy potential) dominates.
In the few extragalactic cloud surveys with sufficient resolution to assess cloud morphologies, cloud orientations are found to be diverse (i.e. Rosolowsky et al. 2003; Koda et al. 2009; Hughes et al. 2010) . This may imply a spectrum bounded by the two cases suggested here. High spatial (and spectral) resolution across a greater variety of environments would help improve tests of the model. Interestingly, in M51, clouds in the two spiral arms are oriented with their long axes in the direction of the spiral (D. Colombo, private comm.) . This is manifestly different from the orientation that would be expected in the presence of only the strong spiral arm tidal field, which would lengthen clouds across the arms, in the transverse direction. According to our model, the perpendicular orientation arises when the galaxy imposes not only a tidal field but also impacts the internal motions within the cloud, i.e. when the cloud crossing time is comparable to the local orbital period (as discussed above).
SUMMARY & CONCLUSIONS
We consider the influence of host galaxies on their molecular clouds, exploring how cloud-scale gas motions reflect the interplay of the background galaxy potential and gas self-gravity. We suggest a picture in which clouds are not decoupled from the surrounding medium but rather influenced by the background galaxy and show that the model appears to agree with recent observations.
First, we formulate a new way of assessing the force exerted by the galaxy potential. We propose that the Coriolis force is important on the cloud scales when the crossing time of the cloud is comparable to the local galactic orbital period. In this case, the gas kinematics resemble motions in the limit of no self-gravity, where conservation of angular momentum restricts the gas to ordered, epicyclic motions. We argue that an analogous case may hold in the vertical direction.
The characteristic velocities of the epicyclic motions, expressed as a velocity dispersion, provide a straightforward measure of the strength of the host galaxy gravitational potential. This can be compared to other cloudscale forces and (turbulent) motions. The epicyclic frequencies in the plane and in the vertical direction, which depend on the gradient of the gravitational potential, can be measured directly from the galaxy rotational velocity or inferred from the vertical mass distribution.
For normal disk galaxies, observed rotation curves and galaxy shapes imply that epicyclic motions at the cloud scale can be comparable to the motions needed to support clouds against their own weight. In galaxy centers and in dynamical features like spiral arms, we find that galaxy-induced motions can even exceed motions due to self-gravity. Our model thus predicts an the important role for the galaxy potential in setting observed molecular cloud properties.
In a preliminary comparison of the model to observations, we show that the model reproduces the observed line width at multiple spatial scales in the disk M51. It also reproduces observed deviations in cloud properties from those predicted in the purely self-gravitating case in a diverse population of clouds from a varied set of nearby galaxies.
We discuss several natural next observational tests of this scenario. First, these coherent motions should be observable as velocity gradients on the scales of individual molecular clouds. These gradients are expected to show an alignment with the local bulk velocity field that depends on the intrinsic cloud shape. Second, cloud morphologies might provide a useful probe of the relative dominance of self-gravity or the background potential.
In the scenario we envision, the motions due to collapse under the influence of self-gravity add constructively to coherent motions induced by the background potential. This differs from the scenario in which gas motions reflect some form of self regulation, for example due to star formation feedback. Our initial tests support this idea, suggesting that super-virial motions correlate with the local potential. More tests and numerical simulations can both help clarify this crucial point.
Further tests of the influence of galactic environment on the ISM conditions that regulate star formation should be possible in the near future, with the growing number of high spatial and spectral resolution extragalactic molecular gas surveys currently in progress Leroy et al. in prep) . With maps of the star-forming reservoir at cloud-scale resolution that extend across a variety of galactic environments, we can place clouds in the context of their local galactic surroundings systematically for the first time.
Many thanks to the referee, Enrique Vázquez-Semadeni, for a thorough review and a considered set of suggestions that improved the manuscript. 
A. A MODEL FOR GALAXY ROTATION CURVE SHAPES
To assess the behavior of the epicyclic frequency κ within galaxies, and from galaxy to galaxy, here we assemble a model for the shapes of rotation curves that depends on galaxy stellar mass. Our model uses well-known scaling relations between galaxy size, mass and maximum circular velocity (as parameterized by the Tully-Fisher relation and the size-mass relation), in combination with empirical relations linking the gradient in the inner rotation curve gradient to stellar mass surface density. The relation between the transition radius Rt in eq. A1, parameterizing rotation curve shape, and galaxy stellar mass implied by the empirical relation between central stellar surface brightness (density) and inner rotation curve gradient measured by Erroz-Ferrer et al. (2016) , and assuming the scaling relations compiled by Dutton et al. (2011) . (Right) Galaxy rotation curve shape over a range of stellar masses, adopting the Rt shown on the left, according to our empirically-based model (see text). Rotation curves of low mass galaxies rise much more slowly than those in high mass galaxies.
We assume a rotation curve of the form
where V max is the maximum circular velocity and R t is the so-called transition radius between the rising and the flat part of the rotation curve. This form provides a good match to observed rotation curves for galaxies with a range of masses (i.e. Courteau 1997). For a galaxy of stellar mass M , we assign the scale length R e and V max using the empirical scaling relations in the local universe assembled by Dutton et al. (2011) . The relation between V max and M is based on the Tully-Fisher relation measured by Bell & de Jong (2001) using their prescribed stellar M/L to convert K-band luminosity to stellar mass. The scatter about the V max -M relation is quite small, and we translate this into a 1σ uncertainty of 0.15 dex on V max at fixed M . As measured by Shen et al. 2003 , the local galaxy size-mass relation has an uncertainty of 0.2 dex on R e at fixed M .
The shape of the rotation curve, as parameterized by R t , is assigned at each M using the observed correlation between the gradient in the inner rotation curve (measured inside R t ) and the bulge-to-total (mass) ratio found by Erroz-Ferrer et al. (2016) . This strong correlation, which appears equally strong between the inner gradient and central stellar surface brightness, is testament to the sensitivity of the shape of the gravitational potential to the inner distribution of stellar mass.
We estimate the bulge-to-total ratio at fixed stellar mass by adopting the relation between bulge and disk Kband luminosities appropriate for (late-type) Sab-Sac galaxies as measured by Laurikainen et al (2010) , assuming a constant mass-to-light ratio. At these long wavelengths, a single M/L should be approximately equally valid for old, metal rich bulges and for young disks .
From the bulge-to-total ratio at a given mass, which specifies the inner rotation curve gradient, we estimate R t given that the gradient in the rotation curve in eq. (A1) is
The left panel of Figure 1 presents the R t implied by this empirically-based model as a function of galaxy stellar mass. Shown for comparison are data from Courteau (1997) based on fits of eq. (A1) to observed rotation curves. Our model provides a good representation of the completely independent Courteau measurements, notably capturing the lack of galaxies with large R t at masses M star > 10 10 M ⊙ . The model is thus generally representative of real galaxies and parameterizes the expected slow rise in the rotation curves of low mass galaxies as compared to more massive galaxies, given that R t is a larger fraction of one disk scalelength R e . This is illustrated in the right panel of Figure 1 showing the (normalized) rotation velocity as a function of galactocentric radius (in terms of R e ) for galaxies in the mass range 10 8.5 <M star /M ⊙ <10 11.5 . 
B. A MODEL FOR VERTICAL GAS MOTIONS IN DISK GALAXIES
The frequency of vertical epicyclic motions ν in the molecular gas in star-forming disk galaxies is set by the vertical shape of the background disk gravitational potential defined by the stars and dark matter. To estimate ν we use eq. (20) together with an empirically-based model for κ and an estimate of the stellar scale height z 0 at a given stellar mass. Observations of edge-on late-type disk galaxies analyzed by Bershady et al. (2010) suggest (z 0 /kpc) ≈ 0.2(R e /kpc) 0.68 (B1) to within 0.1 dex, where R e is the scale length of the stellar disk that we link to stellar mass through the empirical galaxy size-mass relation used in Appendix A. Our nominal model assumes that a constant scale height applies at all galactocentric radii. The radial variation in ν estimated according to this model is shown in Figure 2 , together with the epicyclic motions estimated from the rotation curve predicted at a given galaxy stellar mass (see Appendix A). Note that this model, which is intended to describe motions in the centralized, molecule-rich portions of galaxy disks, does not take into account the increasing dark matter contribution to the background disk density with increasing radius. This would increase ν above the value shown in Figure 2 moving towards galaxy outskirts. In contrast, a flared disk, in which the scale height increases with radius, would reduce ν progressively more with radius. c . When γsg=1, gravitational forces balance. When γsg>>1, the gas is self-gravitating.
C. A MODEL FOR CLOUD-SCALE MOLECULAR GAS SURFACE DENSITIES IN NORMAL STAR-FORMING GALAXIES
In order to estimate the motions σ sg due to gas self-gravity, here we develop a simple model for the gas surface density on cloud scales expected in star-forming disks. From the parameterization of the Star formation main sequence measured by Chang et al. (2015) in the local universe we first assign the SFR at fixed stellar mass. Then we use the observed linear relation between molecular gas and SFR surface densities in nearby galaxies (specifically the relation measured by Leroy et al. 2013 corresponding to a molecular gas depletion time t dep =Σ mol /Σ SF R =2 Gyr) to estimate the molecular gas surface density Σ H2 . For this conversion we assume that the distributions of gas and young stars are identical (with the same radial scalelengths) and that the gas scale length R gas e =0.83R * e (Bolatto et al. 2015 ). An additional clumping factor c lets us estimate the surface density on cloud scales Σ c = cΣ H2 . Leroy et al. (2013b) show that c ranges between 1-10 in molecular gas. Here we choose c so that our model for Σ H2 can match the surface densities measured by Leroy et al. (2016) on 60 pc scales, probing characteristic cloud sizes R c ≈ 30 pc. With a nominal value c=2 our estimated Σ c inside 1R e (see top left panel of Figure 2 ) ranges on average from 70 M ⊙ pc −2 to 500 M ⊙ pc −2 across the galaxy stellar mass range 10 8.5 <M/M ⊙ <10 11.5 . To reach these surface densities assuming a depletion time shorter by a factor of 2 requires doubling the clumping factor.
Average trends in gravitational motions within galaxies with a range of masses Figure 3 demonstrates how σ sg and σ gal compare on average in galaxies with a range of galaxy stellar masses, using the simple empirically-motived model for the average gas surface density described above to estimate σ sg at each stellar mass using eq. (39). For each galaxy mass we adopt the rotation curve model developed in Appendix A, which provides a measure of κ (according to eq. 20) and ν following Appendix B.
The extent of the curves in Figure 3 , which each follow the radial variation of both sets of motions in a given galaxy disk, is intended to capture the full range out to the edge of the molecule-bright emission. In terms of the H 2 scalelength R e =0.2 R 25 measured in a sample of nearby galaxies by Schruba et al. (2011) , typically half of the total CO flux tracing molecular hydrogen is enclosed within a radius R 50 ≈1.5 R e (very near the transition from HI to H 2 ) and 90% is within R 90 ≈ 4R e (Schruba et al. 2011) .
Both quantities σ sg and κR c in Figure 3 are shown at a chosen scale of R c =30 pc, which is typical of measured cloud sizes in the MW (Heyer et al. 2009; Miville-Deschenes et al. 2017 ) and external galaxies (e.g. Bolatto et al. 2008; Hughes et al. 2013a; Leroy et al. 2015) . Realistic variations in cloud size and gas clumpiness (not illustrated) are insufficient to drastically alter the position of the predicted curves in this parameter space. Only with extreme parameter choices do the predictions approach our conservative estimate for the onset of self-gravity at γ sg = Q −1 =10 in the figure. (Our empirical calibration suggests a value closer to γ sg =12.)
The locus of models in this parameter space demonstrates that the gravitational forces due to cloud self-gravity and the local galaxy potential are comparable on cloud scales. As also described in § 3, galaxy-induced motions can even exceed those associated with the cloud's self-gravity in the centers of galaxies and towards the edge of the molecular disk, with a more rapid increase with radius in the non-isotropic case than in the more conservative isotropic case. As highlighted by the gray dashed lines, besides galaxy centers, stellar dynamical features like spiral arms can be locations where epicyclic motions become increasingly important relative to σ sg . As modeled in § 2.3.5, spiral arm perturbations introduce locally large gradients in the gravitational potential, raising the epicyclic frequency (eq. 34). In these environments, the background host galaxy makes an increased contribution to observed motions, which are thus raised above the level expected due to only gas self-gravity.
